Abstract-Leadless Cardiac Pacemaker (LCP) devices are the cutting edge technology for cardiac rhythm management. An LCP requires to communicate with an external programmer and with different LCP nodes placed in different heart chambers. Human Body Communication (HBC) is an ultra-low power telemetry that exploits body conduction properties to propagate signals. There is a lack of studies in the literature about intra cardiac HBC channel characterization. Channel modeling is fundamental to prototype transceivers able to link different LCP devices. Quasi-Static Simulations based on Finite Element Method (FEM) have been used to characterize all HBC channels involved in LCP telemetry. A very accurate 3D model of a Human Torso has been designed and used to characterize HBC attenuation levels in a frequency range between 40 KHz and 20 MHz. This kind of approach will help to minimize animal trials for a more durable and optimized development.
I. INTRODUCTION
In the last 60 years, electronics downscaling has conducted pacemaker devices to reach very low dimensions. Leadless Cardiac Pacemaker (LCP) is the last evolution in this field. It consists of a small capsule, anchored in one of the heart chambers, that can integrate all the functionalities of standard pacemakers. The technological bottleneck that prevents LCP to completely replace standard pacemakers stands in power budget limits for communication purposes [8] . Human Body Communication (HBC) is an ultra-low power communication that is a good candidate to overcome telemetry power budget issues. HBC is a conductive communication based on Ohmic propagation of currents through body tissues. Indeed an electrode pair is used to build up an electric field that propagates through Human Body reaching a second electrode pair used to receive the signal [14] . Moreover, HBC does not radiate meaning that it does not require an additional antenna, reducing the size of the device, and prevents eavesdropping since direct contact with the body is strictly required. Most of the academic studies about HBC channel modeling are focused on body-surface communications [1] , [10] , leading IEEE to include HBC as a Physical layer in IEEE 802.15.6 standard for Wireless Body Area Networks (WBAN). From the dawn of HBC communication, several studies have been performed in order to characterize the human body as a communication channel. HBC channel modeling can be divided in two main categories: electric circuit modeling and computational electromagnetic modeling. Electric circuit models are simplified solutions where human body is represented by a 4-port network made of bio-impedances. Computational Electromagnetic Modeling (CEM) is a computer aided methodology based on analytical or numerical analysis methods. A first approach of HBC channel modeling for implant devices was proposed in [11] where a boundary conditioned problem is analytically solved for HBC communication in a limb. The study shows the importance of the model geometry despite the fact that an approximated body model was used. The work proposed in this paper is based on Finite Element Method (FEM) simulations using a very accurate Torso model to characterize HBC channels involved in LCP applications. In particular, three main channels will be dealt in this paper: intra-cardiac channel between right chambers, Right Ventricle (RV) toward Left Ventricle (LV) and from RV to Body Surface (BS).
II. NEW ACCURATE TORSO MODEL

A. Quasi-Static Simulations
The Finite Element Method is one of the most reliable numerical methods, it has been used for numerical computation of partial derivative equation systems for almost a century. COMSOL is a Multiphysics software for modeling and simulating complex physics systems. In order to reduce computational cost for low frequency problems COMSOL Multiphysics 5.3 employs a solver called AC/DC module that is based on Electro-Quasi-Static assumptions. Indeed it solves a current continuity equation problem using the FEM given voltage boundary conditions as described in equation system (1) . It is worth recalling that quasi-static assumptions are a good approximation if the observation distance is at least ten times lower than the wavelength. LCP communication channels have distances that do not exceed 12 cm. Therefore, it was decided to limit the study at a maximum frequency of 20 MHz since the wavelength in the blood starts to be comparable with channel distances. The low frequency limit must be also considered in order to avoid interferences with electro-physiological signals and it was set at 40 KHz.
B. Finite Element Model Development
Human Body is a complex anisotropic medium. Therefore, a very accurate model has been used to characterize HBC channels. Simulation environment consists of a Torso CAD file based on a validated human model from IT'IS foundation Zurich. In particular we choose Duke of the Virtual Population (ViP), that represents a 34 years old man. The Torso CAD file was built by means of Simpleware Software Solution [3] , starting from the Computerized Axial Tomography (CAT) image of Duke. Applying this method, it has been created a model made of 5 main structures: organs, bones, cartilage, muscles and connective tissue. This torso CAD file has been imported in COMSOL environment, where heart chambers, whose volumes are reported in table I, have been designed respecting anatomical volumes [7] , [12] . In this way, the built model discriminates blood and heart tissue since they have different electrical properties. The model was also enriched of a fat tissue layer that completely surrounds the heart, whose distribution and volume are taken from medical studies [9] . The Torso is surrounded by a sphere of air whose outer surface is set as infinite boundary to avoid that unwanted reflections of the electric field affect simulation results. Dielectric properties of biological tissues are frequency dependent [2] , then parametric functions have been used to properly set conductivity and permittivity values for the whole range of interest. The Institute of Applied Physics of CNR gives free access to a database for dielectric property values of human body tissues [4] . Those values are based on Gabriel's studies [6] where measurements on different biological tissues were performed in order to retrieve dielectrical properties using a 4-term Cole Cole equation [2] covering frequencies from 10 Hz to 100 GHz. The model geometry has been meshed with a custom tetrahedral meshing with minimum element size set to 50µm, while a swept meshing was used for the infinite boundary domains. Using this complete torso model, comprehensive of heart chambers, an exhaustive study on channel attenuations in a frequency range set between 40 KHz and 20 MHz can be carried out. Next section will point out the results about the main channels involved in the communication of a LCP. In particular, it will deal with three main channels: Intracardiac channel between Right Ventricle and Right Atrium, Intra-ventricular channel between Right Ventricle and the epicardium of the Left Ventricle, In-Out channel between Right Ventricle and Body Surface.
III. SIMULATION RESULTS
A. Intra-Cardiac channel
Two LCP capsules with lengths of 34mm and 28mm were placed respectively in the Right Ventricle (RV) and in the Right Atrium (RA) at a distance circa 9cm. RV capsule has been set as emitter using two voltage boundary conditions on electrode faces placed at the extremities of the capsule. Both boundary 
The RV capsule was fixed at the apex, that is located at the bottom of the right ventricular chamber inferior to the flow from the tricuspid valve. The right ventricular apex is the traditional location of standard leads and it has been adopted as a standard location for LCP from electro-physiology standpoints. 1) RA Capsule Position Study: Three different positions were selected for the RA capsule: vertically fixed at the top wall of RA, horizontally fixed at the free wall of RA and in the Right Atrium Appendage (RAA). Those three positioning are the most common placements for atrial leads used by standard pacemakers and they are an exhaustive mapping of right atrium channels [13] , [5] . As can be seen in Fig. 1 , positioning is very effective. Simulations show that the lowest attenuation is achieved when the RA capsule is vertically fixed at the top wall of the heart, where the attenuation reaches levels that are less than 60dB for frequencies higher than 10 MHz. By the way, it is worth noting the complementary behavior of RAA and Horizontal positions in the frequency region [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] MHz. RAA position has a lower attenuation at 4MHz reaching a value of 73.8 dB, while Horizontal position attenuation experiences a slight increase in a frequency range between 1 MHz and 4 MHz reaching 77dB at 2MHz. Positioning effect is due to the distribution of the electric field lines that become normal to the heart surface at high frequencies, improving the communication of capsules fixed at outer walls of the right atrium. Hereafter, all simulations will be performed setting RA capsule in vertical position.
2) Heart Fat Effect: Fat tissue usually covers hearts with a distribution and volume that is different for every patient. This study takes into account a floating heart not uniformly Attenuation [dB] w/o fat with fat Fig. 2 . Fat effect on intra-cardiac HBC channel distributed that is described in [9] , where most of the fat is placed on the heart surface of right chamber side. Conductivity of fat is almost ten times lower than conductivity of heart tissue and it acts as an isolation layer for HBC communication between right chambers. Simulation results are shown in Fig. 2 where attenuation levels are lowered of almost 4dB for the whole range of study. Then, for this kind of channel it is recommended to not consider the epicardial fat tissue layer since it would represent a worst case scenario that covers the whole patient population.
B. Inter-Ventricular channel
In order to characterize the inter-ventricular channel, 6 voltage probes were set on the most distant surface line of the left ventricle epicardium from Right Ventricle, pointing out the voltage differences of adjacent probes. Adjacent probes are 1.5cm far from each other which is a fair assumption for a hypothetical bipolar epicardial pacemaker capsule. The same RV capsule, placed at the right ventricle apex, of previous studies has been used to set emitter boundary conditions for this kind of analysis. As can be seen in Fig. 4 , best results are achieved for probes that are closer to heart apex since the lowest a probe is set the smallest is the distance between the emitter capsule and the receiver. Also InterVentricular channels show lower attenuation levels at high frequencies since conductivities of body tissues increase with frequency according to [6] that makes currents better propagate at higher distances. For example the inter-ventricular channel experiences an attenuation level of 62.6 dB at 10MHz with emitter-receiver distance of 6.25 cm (P3). It is worth pointing out that high distance probes have a higher relative benefit of working at high frequencies with respect to short distance ones, where the gap between best case (20MHz) and worst case (40KHz) decreases from 17 dB to only 7.4 dB.
C. In-Out channel
The last channel considered in these preliminary studies is the channel between RV capsule and Body Surface (BS). This channel is extremely important in order to have access to data stored by pacemakers and to reprogram stimulation parameters to adapt therapy to patient response. External programmer would make use of patch electrodes on the skin surface of the body to couple electric field generated by the capsule. Since there are no constraint about patch positioning, this simulation directly points out minimum and maximum potential values achieved on the whole body surface. Figure 5 points out body surface potential polarities suggesting the best positioning of These low values of attenuation are obtained thanks to a relatively short distance between RV capsule and body surface that is of almost 4cm and due to a larger inter-electrode distance for patch electrode that is almost 7cm. 
IV. CONCLUSION & FUTURE WORK
The telemetry of a Right Ventricular Leadless Cardiac Pacemaker (LCP) has been completely characterized thanks to this work. All attenuation values of HBC channels involved in a multi-node pacemaker system have been pointed out. It was also shown that the best positioning for an LCP capsule in the right atrium is on the top wall of the chamber. It was shown that epicardial fat tissue improves Intra-cardiac Human Body Communication acting as insulation layer between the heart and the rest of the body. It will be a worst case scenario to not consider fat tissue for intra-cardiac HBC communication and could be a good approach to take into account anatomic variability of patients' hearts. Quasi-Static simulations are an important step for designers to predict trends and voltage levels of the characteristic equations of channel transfer functions and can reduce animal trials for a more durable and cost optimized development. Moreover, this approach is valid for several applications that concern sensors of Body Area Networks not only for intra-cardiac implantable devices. Future works will focus on the verification of HBC channel attenuations by in-vivo measurements. A custom measurement setup has been prototyped and will be used to verify all channels involved in a Leadless Pacemaker system. The measurement setup is the result of the analysis and comparison of two different methodologies and can be used for both in-vitro and in-vivo experiments. Supplementary channels will be also simulated to well characterize the whole communication network for leadless pacemaker devices.
